In two experiments, mice learned 24-element serial patterns. In Experiment 1, patterns either were perfectly structured or had a single violation element and were either phrased by temporal pauses or unphrased. In Experiment 2, the same violation pattern of Experiment 1 was phrased by temporal cues, visual cues, or a combination of the two. For mice, as for rats and humans in earlier studies, pattern structure predicted pattern learning difficulty and also the nature and relative frequency of errors. Mice, like rats and humans , also found a violation element especially difficult to learn and at that point in the pattern made errors consistent with the structure of the remainder of the pattern . However, in both experiments, phrasing interfered with responding correctly on the element after the phrasing cue. In a third experiment, mice were able to use temporal intervals and, to a lesser degree, visual stimuli as discriminative cues to control spatial responses in the same apparatus used in earlier studies. The results support the view that mice are sensitive to pattern organization but may have difficulty using phrasing cues in the context of serial patterns.
In two experiments, mice learned 24-element serial patterns. In Experiment 1, patterns either were perfectly structured or had a single violation element and were either phrased by temporal pauses or unphrased. In Experiment 2, the same violation pattern of Experiment 1 was phrased by temporal cues, visual cues, or a combination of the two. For mice, as for rats and humans in earlier studies, pattern structure predicted pattern learning difficulty and also the nature and relative frequency of errors. Mice, like rats and humans , also found a violation element especially difficult to learn and at that point in the pattern made errors consistent with the structure of the remainder of the pattern . However, in both experiments, phrasing interfered with responding correctly on the element after the phrasing cue. In a third experiment, mice were able to use temporal intervals and, to a lesser degree, visual stimuli as discriminative cues to control spatial responses in the same apparatus used in earlier studies. The results support the view that mice are sensitive to pattern organization but may have difficulty using phrasing cues in the context of serial patterns.
One of the fundamental questions in psychology is how animals organize behavior through time (Lashley, 1951) , and thus a significant amount of comparative cognition research has focused on determining how animals learn about sequences of events and organize their responses to them. Sequential learning processes in species as different as humans, rhesus monkeys, rats, and pigeons appear to have a number of common features. For example, when animals must learn about sequences composed of unrelated or consistently unorganized items, such as sequences of color slides or random sequences of spatial locations, the classical serial position effecf and related effects are read ily observed in learning and memory in these species (Kesner & Novak, 1982; Sands & Wright, 1980; Wright, Santiago, Sands, Kendrick, & Cook, 1985) . In contrast, animals demonstrate somewhat different learning strategies when they learn about sequences that are built of items related in some meaningful way and that are presented in an organized fashion, that is, as "serial patterns." For example, rats have been trained to anticipate the elements of patterned sequences of reward events and patterned series of locations in spatial arrays. Under these conditions, rats appear to learn "rules" describing the structure of sequences and "chunk" sequences into meaningful subsequences to reduce memory load (Fountain, 1990; Fountain & Annau, 1984; Fountain, Henne, & Hulse, 1984; Hulse, 1978; Hulse & Dorsky, 1977 , 1979 Page, Hulse, & Cynx, 1989; Terrace, 1987 Terrace, , 1991 Terrace & Chen, 1991 a, 1991 . There is also evidence for functionally similar rulelearning and chunking processes in avians and primates (Page et aL , 1989; Terrace, 1987 Terrace, , 1991 Terrace & Chen, 1991a , 1991b .
One important aspect of animal sequential learning that has received attention in recent years is how animals in serial-pattern learning tasks integrate information about extra-sequential stimuli with information about the sequence to be learned. For example, when an animal must learn to anticipate the successive items that make up a sequence of food quantities, other stimuli such as temporal cues, visual cues, or auditory cues may accompany the food quantities. For example, phrasing cues facilitate learning in rats when they are positioned congruent with the structure of pattern elemeflts as in so-called "good phrasing" manipulations and they retard learning when they are not in "bad phrasing" manipulations Fountain et aL , 1998) . Also, phrasing cues bias perception of ambiguous patterns for rats; rats adopt the interpretation of a pattern's structure suggested by phrasing cues (Fountain, 1990; Fountain et aL , 1998) . For rats, like humans, phrasing cues appear to bias how patterns are chunked and represented in memory (Fountain, 1990; Fountain et aL, 1998) .
Rats ' serial-pattern learning capacities have been studied extensively, and the parallels with human serial learning abilities are ubiquitous. In particular, rats can learn rules to encode patterns ranging from very simple to those having three or more levels of hierarchical structure (Fountain , 1990; Fountain, Evensen, & Hulse, 1983; Fountain & Rowan , 1995a , 1995b Hulse, 1978; Hulse & Dorsky, 1977 , 1979 . They can also extrapolate known patterns to predict new items, and they can generalize structures from pattern to pattern to facilitate learning (Fountain & Hulse, 1981; Hulse & Dorsky, 1979) . Another sign that rats are sensitive to pattern structure is the fact that they have great difficulty learning to respond appropriately to a pattern element or chunk that is an "exception-to-the-rule" (Fountain & Rowan, 1995a , 1995b .
Little is known regarding the extent to which other rodent species are sensitive to pattern structure and phrasing. As a beginning in this direction, the two experiments reported below were conducted to examine characteristics of serial-pattern learning in mice. The studies examined whether mice can learn highly structured serial patterns and, if so , whether the distribution and kinds of errors mice generate demonstrate sensitivity to pattern structure and to "exceptions-to-therule." Phrasing manipulations were included to determine whether for mice, as for rats and humans, phrasing cues congruent with pattern structure would facilitate pattern learning .
Experiment 1
The goal of Experiment 1 was to compare as directly as possible the strategies mice adopt in serial-pattern learning to those apparent in welldocumented phenomena in rats and humans. One question is whether mice, like rats and humans, are sensitive to the structure of serial patterns. If so, the prediction is that an element that is an "exception-tothe-rule," that is, a ''violation'' element, should be more difficult to learn than a corresponding element in a "perfect" pattern without exceptions. One way to test this notion is to develop a pattern with perfect structure, then modify it to include a "violation" element. The following 24-element patterns, constructed in this way, were used to test whether or not mice find a violation element harder to learn than the corresponding element in a perfect pattern.
Perfect pattern
Violation pattern 123234345456567678781 812 . . . 123234345456567678781 81D . . . For both groups, the digits indicate the clockwise position of the correct response in an 8-position circular array (cf. Fountain & Rowan, 1995a , 1995b , and the underlined and bolded digit is the violation element. It should be noted that in the circular array of the octagonal chamber, moving from Position 8 to Position 1 involves moving the same distance and direction around the circumference as moving "7" to "8" or "1" to "2," for example.
For each of the two foregoing pattern conditions, groups of mice were subdivided and assigned to two phrasing conditions. For phrased groups, intertrial intervals were longer at chunk boundaries (indicated by spaces between 3-element chunks above) than between elements within chunks. For the unphrased groups, intertrial intervals were the same duration at chunk boundaries and within chunks throughout the pattern. Thus, for the phrased group "good" phrasing (Restle, 1972) was provided in the form of longer temporal intervals as phrasing cues positioned at chunk boundaries.
Method
Subjects. The subjects were 16 naive male CF1 mice bred in the vivarium of the Kent State University Department of Biological Sciences. Mice were 12-16 weeks of age upon arrival in the laboratory. Mice were housed individually in plastic tubs with free access to food on a 12: 12-hr light-dark cycle and were tested during the light portion of the cycle. Mice received their daily allotment of 6 ml water each day via the testing apparatus. Mice were examined daily for signs of dehydration (closed eyes, prominent hump in the back, shivers, lethargy). In the case that any animal showed signs of dehydration, all animals received a 2-4 ml water supplement in addition to the daily water ration obtained from the testing procedure.
Apparatus. A single shaping chamber (11 x 7.6 x 15.3 cm), equipped with a single nose-poke response receptacle, was used for shaping the nose-poke response for water reward . The nose-poke receptacle was a 2.54-cm diameter PVC plastic pipe cap that was 3 cm deep. It was centered on the 7.6-cm wall at a height of 1.5 cm above the floor. An infrared emitter and detector were located on either side of the receptacle approximately 1.5 cm inside the receptacle. Mice were required to break an infrared beam to obtain a single 0.045-ml droplet of water reward that formed at the bottom and approximately 1.5 cm inside the receptacle (controlled by a solenoid). In the back of the receptacle was a single 1-W bulb that served as an indicator light. The chamber was constructed of clear Plexiglas with a hardware cloth floor.
The test chamber was octagonal in shape (walls were 7.5 cm wide and 15.5 cm tall; approximately 18 cm separated parallel walls) and constructed of clear Plexiglas with a hardware cloth floor. Centered on each of the eight walls of the test chamber and 1.5 cm above the floor were single nose-poke receptacles, identical to that of the shaping chamber, equipped with indicator lights. The operant chamber was located in the same 2-x 2.6-m testing room as the shaping chamber, but the two chambers were separated by a barrier. Illumination was provided by either a 7.5-or 60-W incandescent bulb centered approximately 1 m above the testing chamber. Experiments were controlled using a microcomputer and interface (interface and Med-State Software, Med Associates, Inc., Fairfield, VT).
Procedure. Throughout the experiment, mice received reinforcement consisting of a single 0.045-ml droplet of water reward. In all procedures, mice received one such droplet of water for every correct response and were allowed .5 s to consume the water for each administration.
Mice were deprived of water for 24 hours, then they underwent 5 days of pretraining. On the 1 st day of pretraining, mice received a 15-minute habituation session in both the test chamber and the shaping chamber. On the next 2 days, mice were shaped to obtain water from the receptacle by receiving 120 noncontingent reward droplets administered at 6-s intervals. On the 4th and 5th days, mice were required to produce the nose-pOke response to obtain each of 120 reward droplets each day in a discrete-trial procedure. The indicator light in the nose-poke receptacle was illuminated at the beginning of each trial and was extinguished following a correct response. Trials were separated by a 3-s ITI.
After pretraining, mice were randomly assigned to four groups and were trained daily in the octagonal operant chamber. In a discrete-trial, eight-chOice procedure with correction, all eight indicator lights were illuminated at the beginning of each trial. If a correct choice was made, all indicator lights were turned off and a water droplet was administered. For incorrect responses, all indicator lights were extinguished except that of the correct position. The mouse was then required to make the correct nosepoke response to obtain reward before continuing to the next trial. On each trial, the location of the first response and its latency were recorded.
Mice were randomly assigned to receive either a pattern with no structural flaws, that is, the perfect (P) pattern, or the same pattern with a single violation element (underlined below) as the final element of the sequence, that is, the violation (V) pattern;
Perfect pattern:
123-234-345-456-567 -678-781-812-.. .
Violation pattern: 123-234-345-456-567-678-781-81 a-.. .
where the digits indicate the clockwise position of the correct response on successive trials. These patterns were presented with or without temporal phrasing cues, resulting in four conditions: Perfect Unphrased (PU), Perfect Phrased (PP) , Violation Unphrased (VU), and Violation Phrased (VP) groups. For all groups, intervals between elements within chunks were 1 s, whereas intervals between three-element chunks, indicated by dashes, were 1 s for unphrased groups and 3-s pauses for phrased groups. Mice received five 24-element sequences (Le., 120 trials) without interruption each day for 40 days.
Results and Discussion
The results of Experiment 1 indicated that mice were' sensitive to the structure of the serial patterns they were required to learn. However, phrasing interfered with specific aspects of pattern learning in both the perfect pattern (the pattern having no violation element) and the violation pattern (the pattern containing a single violation element in the terminal position).
Acquisition. Figure 1 shows daily mean errors compared for the four groups of mice over the course of the 40 days of training (shown by blocks of 4 days). The top panel of Figure 1 shows overall acquisition (collapsed across elements of the pattern). The results show that manipulations of phrasing and pattern structure had little effect on overall acquisition. An analysis of variance (ANOVA) was conducted on mice's mean percent errors by blocks of 4 days (pooled across pattern elements). In all reported analyses, main effects and interactions were considered significaQt if p < .05. The ANOVA indicated a significant main effect for blocks of days, F(9, 108) = 59.23. Other main effects and interactions were not significant. Although the foregoing shows that experimental manipulations had little effect on acquisition as measured by results pooled across pattern elements, closer examination revealed several consistent effects on particular aspects of pattern learning that are not apparent in the pooled data. The bottom panel of Figure 1 shows acquisition of responding for the final element of patterns. The results show that the rUle-consistent final element of perfect patterns was learned faster than the rule-inconsistent final element of violation patterns (the violation element). In addition, the violation element was learned slower in the phrased (i.e., VP) than in the unphrased (i.e., VU) -condition. An ANOVA performed on the data shown in the bottom panel of Figure 1 supported these conclusions. The ANOVA indicated a significant main effect for violation versus perfect structure, F(1, 12) = 60.40, and blocks of days, F(9, 108) = 17.35. Significant interactions included structure x blocks, F(9, 108) = 5.08, and phrasing x blocks, F(9, 108) = 2.03. Planned comparisons (Fisher's LSD) based on the appropriate error term of the ANOVA were used to clarify the effects indicated by the two significant interactions. On the first block only, PU mice made more errors than PP mice. Both violation pattern groups (VU and VP) made more errors than both perfect pattern groups (PU and PP) throughout the experiment except for the first two blocks for PU. VP mice made more errors than VU mice on Blocks 5 and 7-10.
Error profiles and intrusions. Analysis showed that learning to respond appropriately on the first element of chunks was more difficult with phrasing cues than without them. In addition, mice made more errors for the violation element with phrasing cues than when they were not present. Figure 2 shows group mean element-by-element error rates for the entire experiment for the 4 groups of mice. An ANOVA on element-by-element means for the data pooled for the experiment (illustrated in the four panels of Figure 2 ) indicated significant main effects for elements, F(23, 276) = 63.48. Significant interactions included structure x elements, F(23, 276) = 4.89, and phrasing x elements, F(23, 276) = 10.73. Planned comparisons based on the appropriate error term of the ANOVA were used to clarify the effects indicated by the two significant interactions. Mice in phrased conditions always made significantly more errors on the first element of three-element chunks than did mice in unphrased conditions (p < .05). The specific kinds of incorrect responses, termed "intrusions;' mice made were examined. For the first element of chunks (i.e., immediately following chunk boundaries), intrusions for unphrased groups tended to reflect overextensions of the preceding chunk (e.g., a "4" response following the 123 series of Chunk 1) whereas intrusions for phrased groups did not. Rats in our lab show a similar pattern of results for phrased and unphrased patterns, and the results thus support the idea that phrasing cues generally reduce overextension errors for both rats and mice.
As predicted, violation elements were exceptionally difficult in both phrased and unphrased conditions compared to corresponding elements in perfect patterns. In both violation pattern groups, intrusions on the violati9n element were consistent with overall pattern structure (viz., a "2" intrusion following the 81 series of Chunk 8 rather than the required "8" response). Thus, errors on violation elements conformed to the structure of the patterns in which they were embedded demonstrating that mice, like rats in an earlier study (Fountain & Rowan, 1995a) , were sensitive to the organization of their pattern and mastered the rules governing the pattern before learning "exceptions-to-the-rule:'
A particularly striking effect was the tendency of VU mice to make more errors than other groups on the second element of Chunk 1 (p < .05). They were also the only group to produce more errors on the second element than on the first element of Chunk 1. VU mice, but not those in other groups, made predominantly "8" responses on the second element of Chunk 1, an apparent overextension of the preceding 818181 series created by the violation element. [To clarify, it is important to recall that patterns cycled without interruption (save for phrasing cues, where appropriate), so that the final two chunks of violation patterns, 781 and 818, were followed immediately by the first chunk of the next pattern, 123, resulting in a . . . 781818123 ... subsequence in VU patterns.] VU mice seemed to interpret the pattern as two subpatterns composed of a series of "runs" ( .. . 3234 345 456 567 678 7 ... ) followed by a ''trill'' series ( ... 818181 . .. ). Phrasing cues appeared to bias perception of the violation pattern for VP mice; the pattern was treated as a wholly "runs" pattern (like perfect patterns) resulting in a low overall error rate and few "8" intrusions on the second element of Chunk 1. Mice in all four groups, like rats and humans in earlier studies (Fountain & Rowan, 1995a , 1995b , produced errors that mapped onto the two-level hierarchical structure of their pattern. Mice in all groups produced significantly more errors on elements following chunk boundaries (Le., elements corresponding to the second-order rule transitions in the pattern structure) than on elements within chunks (corresponding to the first-order rule transitions) (p < .05). The results of Experiment 1 were surprising, however, because the temporal phrasing cues were not only sufficiently salient that they should have been adequate discriminative cues, but the cues were also placed at chunk boundaries where they should have provided the most benefit to detecting and coding pattern structure. Why, then, did phrasing cues retard learning for mice? One possibility is that for mice temporal pauses have an impact on the performance of ongoing behavior rather than simply serving as cues. For example, if motor activity during a temporal pause is high, mice might be unable to maintain an orientation that would be useful in predicting the location of the next correct response. On balance, the temporal pause might result in decay of short-term memory or changes in attention. To determine whether the phrasing effects observed in Experiment 1 were caused by the passage of time per se, Experiment 2 investigated how mice would respond to phrasing cues that either involved temporal pauses or not.
Experiment 2
To examine why temporal phrasing retarded learning in Experiment 1, Experiment 2 examined the effects of temporal versus nontemporal phrasing cues, in this case, visual phrasing cues. Mice in all conditions learned the violation pattern of Experiment 1 that contained a single violation of pattern structure as the terminal element. Patterns were either unphrased, phrased with temporal cues, phrased with visual cues, or phrased with a combination of temporal and visual cues. Phrasing consisted of either temporal pauses or alternations of chamber lighting (bright and dim) between structural chunks of the pattern.
Method
Subjects. The subjects were 16 naive, male CF1 mice maintained as in Experiment 1 .
Apparatus. The apparatus was the same as that for Experiment 1 . Procedure. Procedures were the same as those reported in Experiment 1 with the exception that all mice were trained with the violation pattern only, but with four phrasing conditions. Mice were randomly assigned to No Phrasing (N), Temporal Phrasing (T), Visual Phrasing (V), or Temporal + Visual Phrasing (T +V) conditions. A similar pattern was used for all four groups with a manipulation of the phrasing component. For the N group, the correct response sequence was 12323434545656767878181a ... Digits indicate the clockwise position of the correct response for a given trial, dashes between three-element chunks indicate 3-s pauses, and asterisks indicate where light levels changed for the visual phrasing cue. Visual phrasing was provided by an alteration of the chamber lighting from a single 60-W incandescent bulb to a 7.5-W bulb or vice versa. Lighting for the Nand T groups required random activation of either the 60-W or the 7.5-W bulb for the entire testing session on any particular day. The underlined item indicates a deviation of pattern structure. Mice received five 24-element sequences (i.e., 120 trials) without interruption for 40 days. Mice received approximately 5 ml of water per day from the testing session except when given supplements of water.
Results and Discussion
The fundamental finding of Experiment 2 was that visual phrasing, like temporal phrasing, retarded some specific aspects of pattern learning in mice even though the temporal parameters of pattern presentation did not differ from the no-phrasing condition. The results indicate that retardation of learning because of phrasing cues in mice is not restricted to situations where the passage of time is a factor. Acquisition. Figure 3 shows daily mean errors compared for the four groups of mice over the course of the 40 days of training (shown by blocks of 4 days). The top panel of Figure 3 shows overall acquisition (collapsed across elements of the pattern). The results show that temporal phrasing, both alone and in combination with visual phrasing, retarded pattern learning. An analysis of variance (ANOVA) was conducted on mice's mean percent errors by block (pooled across pattern elements). The ANOVA indicated significant main effects for temporal phrasing, F{1, 12) = 5.23, and blocks, F{9, 108) = 174.43. Significant interactions included visual phrasing x blocks, F{9, 108) = 3.16, and temporal phrasing x blocks, F{9, 108) = 6.72. Planned comparisons based on the appropriate error term of the ANOVA were used to clarify the effects indicated by the two significant interactions. Both T and T +V made more errors overall than V on Blocks 6-10, with T +V also being different from V on Block 5 (ps < .05). Similarly, T made more errors than N on Blocks 5-10, whereas T +V made more than N on Blocks 4-6 and 9 (ps < .05). Mice in V made fewer errors than mice in N on Blocks 8 and 10 (p< .05). The bottom panel of Figure 3 shows acquisition of responding for the final element of patterns which was a violation element for all groups. The results show that both temporal phrasing groups were the most retarded in learning relative to no phrasing, and visual phrasing alone produced an intermediate level of retardation of learning. Mice in both temporal phrasing groups showed no apparent acquisition and produced errors at a rate greater than chance on the violation element throughout the experiment. An ANOVA on the data shown in the bottom panel of Figure 3 supported these conclusions. The ANOVA indicated a significant main effect for visual phrasing, F(1, 12) = 10.32, temporal phrasing, F(1, 12) = 114.23, and blocks, F(9 , 108) = 8.85. Significant interactions included visual phrasing x temporal phrasing, F(1, 12) = 9.27, and temporal phrasing x blocks, F(9 , 108) = 7.46. Planned comparisons based on the appropriate error term of the ANOVA indicated that the only groups that did not differ overall were T and T +V (p < .05).
100,--
The acquisition curves for Nand T groups in Experiment 2 found in both panels of Figure 3 appear to differ somewhat from acquisition curves for the same groups in Experiment 1 found in Figure 1 . It should be noted, however, that differences in acquisition between experiments may have resulted from differences in lighting conditions arranged in Experiment 2 to equate exposure to different light intensities across groups.
Error profiles and intrusions. Generally speaking, Groups T and T +V produce results paralleling those obtained in Experiment 1 for the comparable group, namely, the violation unphrased (VU) group. In Experiment 2, Group V produced results intermediate between those of temporal phrasing (alone or in combination with visual phrasing) and no phrasing . Taken together, the results indicate that visual phrasing had some, but not all of the properties of temporal phrasing. Foremost among the conclusions, however, is the fact that visual phrasing, like temporal phrasing , retarded rather than facilitated serial-pattern learning in mice. All in all , using nontemporal rather than temporal cues for phrasing did not overcome the negative effects of phrasing on acquisition first suggested by the results of Experiment 1.
Experiment 3
In the foregoing two experiments, mice demonstrated sensitivity to temporal and , to a lesser degree , visual cues in serial-pattern learning. The important result, however, was that their serial-pattern learning was impaired rather than facilitated by the presence of both temporal and visual phrasing cues, and so one critical question remaining is whether mice are generally unable to use these cues as discriminative cues. Although mice have been shown to be able to use both temporal and visual (brightness) cues (e.g., Alescio-Lautier & Soumireu-Mourat , 1986; Crabbe & Alpern , 1973; Lejeune et aI., 1991) , it is not clear that those results should be generalized to our apparatus and procedures. Thus, Experiment 3 was designed to test whether mice can use temporal intervals and brightness as discriminative cues to control spat ial responses in the same apparatus used in the preceding studies.
Method
Subjects. The subjects were 10 male CF1 mice that had previous experience on serial-pattern learning tasks comparable to those described in the foregoing experiments. Mice were maintained as in Experiments 1 and 2.
Apparatus. The apparatus was the same as that for Experiments 1 and 2. Procedure. Mice were randomly assigned to either the Temporal (T) cue group or the Visual (V) cue group. For both groups, at the start of each trial, only the Indicator Light 1 (IL 1) was illuminated. After a correct response at Position 1, a water droplet reward was delivered and IL 1 was extinguished, and mice were allowed .5 s for water consumption. Next, a discriminative cue was presented and followed immediately by illumination of ILs 3 and 7 and mice were then required to choose between ILs 3 and 7 based on the discriminative cue that was presented. For T mice, a "short" 1-s temporal pause as the discriminative cue signaled that a response to IL 3 would be reinforced, whereas a "long" 3-s pause signaled that IL 7 was correct. Similarly, for V mice, a brightness discriminative cue was presented for 3 s before the choice between ILs 3 and 7 was presented. Illumination by a "dim" 15-W overhead bulb signaled that "3" was correct whereas illumination by a "bright" 60-W overhead bulb signaled that "7" was the correct alternative. After incorrect responses, the incorrect IL was extinguished and mice were required to make the correct response. After a correct response, a water droplet reward was delivered, both ILs were extinguished, and mice were allowed .5 s for water consumption. For the T group only, the dim (15 W) overhead light and a soft white noise (65 dB) were on continually throughout the experiment. For the V group, overhead lights were illuminated for the discriminative cue interval only and overhead lights were extinguished during the remainder of each trial, but soft white noise was continually on.
Mice received their daily water ration from the experimental procedure and received 100 trials (i.e., 200 reinforced responses) daily. Mice were trained until they met a performance criterion of 90% correct for 3 consecutive days or until they completed 32 days of training without meeting criterion. Mice meeting criterion were then transferred to the same procedure without correction until they met the same criterion for an additional 2 consecutive days.
Results and Discussion
In Experiment 3, mice were trained on a discrimination with either temporal intervals or brightness as discriminative cues. The discriminative cues were the same as those employed as phrasing cues in Experiments 1 and 2. As shown in Figure 4 , all 5 mice in T learned to use their temporal cues to reach high levels of discriminative performance that was maintained (or, in the case of Mouse #61, recovered quickly) after removal of our correction procedure. Individual mice in T reached criterion after 10, 17, 19, 22, and 29 days of training under the correction procedure. Only one of the T mice failed to reach the same criterion again in the minimum number of days (viz., 2 days) once the correction procedure was removed, and that mouse reached criterion with only one additional day of training. None of the mice in V was able to use visual cues to achieve criterion within the 32 days of training, but 3 of 5 V mice showed some sporadic periods of improved performance and 1 of the 3 exceeded 80% correct by the end of the experiment. Clearly, mice had little difficulty learning a discrimination based on temporal cues, and they learned it faster than one based on visual cues. Figure 4 . Daily percentage correct responses for individual mice trained with either temporal or visual discriminative cues in Experiment 3. Data points connected by solid or dotted lines are for days with a correction procedure in force. For mice trained with temporal cues, data points following dashed lines are for days without the correction procedure. Note that mice trained with visual cues never reached the criterion for transfer to the noncorrection.
General Discussion
In both Experiments 1 and 2, mice produced classical evidence of sensitivity to pattern structure found in rats and humans, namely, high error rates following chunk boundaries compared to within-chunk elements, difficulty learning "exceptions-to-the-rule" in serial patterns, and overextension of pattern structure at chunk boundaries and violation elements (cf. Fountain, 1990; Fountain & Hulse, 1981; Fountain & Rowan, 1995a , 1995b Hulse & Dorsky, 1979; Restle & Brown, 1970; Restle & Burnside , 1972) . Specifically, mice in both experiments produced high rates of overextension errors at chunk boundaries, for example, producing "4" responses after a "123" chunk. Similar rule overgeneralization errors were observed for the violation element, where after the sequence, ... 567678781 81, mice frequently produced a "2" response rather than the required "8" violation response.
The surprising result of these experiments was that both temporal and nontemporal phrasing cues retarded pattern learning for mice. The idea that temporal cues retarded learning because of the passage of time per se was found to be unlikely in Experiment 2 where visual phrasing cues also retarded some aspects of pattern learning even though the temporal parameters of pattern presentation were unchanged.
The data from Experiment 3 show that mice are able to detect and use as discriminative cues the temporal intervals and, to a lesser degree, the visual stimuli we used in earlier experiments. Although this outcome was somewhat expected, given the surprising effects of temporal phrasing cues in Experiments 1 and 2, it was important to demonstrate that temporal cues could guide responses in the apparatus and context used here. One might venture to conclude that, based on the outcome of Experiment 3, one is hard-pressed to identify anything special about how mice respond to temporal intervals as discriminative cues that might have predicted impaired pattern tracking when they were introduced into serial patterns in Experiments 1 and 2. In fact, temporal intervals that produced greater impairment relative to visual cues in Experiments 1 and 2 actually turned out in Experiment 3 to be better discriminative cues than those same visual cues.
One prominent view of phrasing developed in the rat and pigeon learning and memory literature is that phrasing cues facilitate learning by acting as discriminative cues to facilitate anticipating specific stimuli, responses, or sequences of stimuli or responses (Capaldi, Verry, Nawrocki , & Miller, 1984; Terrace, 1987) . According to this view, phrasing cues facilitate learning by reducing interference in memory for items in sequence (Capaldi et aI., 1984) or by signaling specific events (Capaldi et aI. , 1984; Terrace, 1987) . This conceptualization does not provide a basis for predicting conditions where phrasing cues should impair rather than facilitate learning; in fact, one reasonable intuition might be that adding any salient cues (such as phrasing cues) to a sequence should never be detrimental, though they might not always be beneficial.
An alternative or supplementary view of phrasing suggests that it has special properties when the sequence to be learned is formally structured. Chunking involves transforming a larger set of information into smaller, more meaningful subsets that are more readily encoded (Miller, 1956; Simon & Kotovsky, 1963) . In serial-pattern learning, this typically involves detecting subsets of pattern elements or, perhaps in this case, subsets of patterned responses that can be described by common structural relationships. Experimental "phrasing" manipulations, such as inserting pauses into a sequence, can either facilitate or impair pattern learning depending, it is thought, on the congruence of phrasing cues and the pattern structure. One view is that phrasing cues will facilitate learning if and only if they are positioned at the boundaries of chunks defined by the simplest possible structural formulation of the pattern. To the extent that extra-pattern phrasing cues correspond to transitions between these chunks, the phrasing manipulation should simplify the task of detecting and encoding pattern and chunk structure. "Good" phrasing of this sort has been shown to facilitate pattern learning in humans (Bower & Winzenz, 1969; Restle, 1972) . In contrast, it is also possible to arrange phrasing so as to obscure pattern structure by positioning extra-pattern cues within chunks rather than at their boundaries, for example. "Bad" phrasing (Restle, 1972) manipulations of this sort impair pattern learning in humans (Bower & Winzenz, 1969; Restle, 1972) . For rats, analogous good and bad phrasing effects have been demonstrated with extremely simple patterns of food quantities composed of a single repeating five-element chunk and with more complex patterns of the sort used here (Fountain et aL, 1998) .
The results of the reported experiments are thus doubly surprising because the phrasing cues in both Experiments 1 and 2 were not only sufficiently salient that they should have been adequate discriminative cues, but the cues were also placed at chunk boundaries where they should have provided the most benefit for learning the simple structure of the pattern used here. Given the foregoing discussion, the results support the argument that CF1 mice must have difficulty handling some aspects of discriminative cues in this particular serial-pattern learning task. Clearly, further research is needed to explore the basis of this unexpected effect. For example, a cue-removal study might produce paradoxical improvements in performance after temporal phrasing cues are removed, which would indicate that for mice phrasing cues have a deleterious influence on performance independent of learning.
It is interesting to note that although phrasing cues did not facilitate the acquisition of the pattern for mice, both temporal and visual phrasing cues did serve the function of biasing mice's perception of the pattern as they do in rats and humans (ct. Fountain, 1990; Restle, 1972 Restle, , 1976 . Specifically, mice in the violation pattern conditions of both experiments appeared to interpret the unphrased violation pattern as two subpatterns composed of a series of "runs" ( ... 3 234 345 456 567 678 7 ... ) followed by a "trill" series ( ... 818181 ... ). Phrasing cues appeared to bias mice's perception of the violation patterns of both experiments into a wholly "runs" pattern containing a terminal violation element (viz., 123 234 345 456 567 678 781 818 ... ). Thus, for mice phrasing cues appeared to produce some, but not all, of the behavioral effects associated with phrasing in rats and humans.
One might hypothesize that phrasing cues could serve at least two roles: They could signal the termination of a chunk, perhaps through overshadowing as suggested by Capaldi et aL (1984) , and they could also signal the proper response on the forthcoming trial, namely, the first element of the chunk to come. For mice, it was observed that phrasing cues reduced overextension errors-as if mice knew to discontinue using the within-chunk "+1" or "move-one-to-the-right" response rule. However, mice made more errors at the beginning of chunks immediately following the phrasing cue, indicating that the phrasing cue actually interfered with generating the next correct response. Thus it appears that, for CF1 mice, phrasing cues signaled the termination of chunks but did not cue the proper next response. Given that mice of many strains are capable of brightness discrimination learning, spontaneous alternation , delayed alternation learning, and spatial navigation on radial and water mazes (Alescio-Lautier & Soumireu-Mourat, 1986; Ammassari-Teule & Caprioli, 1985; Crabbe & Alpern, 1973; Jaffard, Dubois, & Galey, 1981; Kessler et aI., 1980; Nagy & Sandmann, 1973; Reuter & Chung, 1988; Roullet, Lassalle, & Jegat, 1993; Upchurch & Wehner, 1988; Warren, 1982; Werboff & Anderson, 1967 , it is difficult to attribute their inability to use phrasing cues as signals for responses at chunk boundaries to an inability to use discriminative cues in the setting employed in the reported studies. The results of Experiment 3, where the same temporal and visual cues of Experiments 1 and 2 were shown capable of controlling mice's responses in our apparatus, also pose a challenge to this idea.
Can the results be accounted for by the idea that the phrasing cues were simply not salient enough to guide responses? No, the fact that temporal and visual cues were salient enough to produce significant retardation of learning and interfere with specific aspects of pattern tracking argues against this position. The intriguing alternative explanation that we suggest is that the pattern learning task produced sufficient memory load that mice could not respond to pattern structure while concurrently using the phrasing cues as discriminative cues for forthcoming responses. This notion is supported by the fact that mice appeared able to learn the unphrased pattern (even the violation element), appeared sensitive to pattern organization, and used phrasing cues to disambiguate pattern organization while concu rrently failing to learn what response the phrasing cue signaled. Perhaps mice are qualitatively different from rats on this dimension, or it is also possible that mice and rats share similar cognitive mechanisms, though mice are more sensitive to memory load. If the latter is true, mice might well be able to use phrasing cues in less demanding serial patterns that are less taxing on working memory. Thus, it is possible that the results indicate a limitation of cognitive capacity in mice, perhaps a limitation on working memory capacity (cf. Olton, Shapiro, & Hulse, 1984) , that is observed as a limitation on their ability to use phrasing cues as discriminative cues to guide responses while integrating phrasing cues with other serial-pattern information such as the organization of pattern elements. More work is in order to determine the generalizability of these results across different pattern learning methodologies, across mouse strains, and across the relevant species.
